Thaumarchaea are ubiquitous in marine habitats where they participate in 21 carbon and nitrogen cycling. Although metatranscriptomes suggest 22 thaumarchaea are active microbes in marine waters, we understand little 23 about how thaumarchaeal gene expression patterns relate to substrate 24 utilization and activity. Here, we report the global transcriptional response 25 of the marine ammonia-oxidizing thaumarchaeon 'Candidatus 26 Nitrosopelagicus brevis' str. CN25 to ammonia limitation using RNA-Seq. 27 We further describe the genome and transcriptome of Ca. N. brevis str. 28 U25, a new strain capable of urea utilization. Ammonia limitation in CN25 29 resulted in reduced expression of transcripts coding for ammonia oxidation 30 proteins, and increased expression of a gene coding an Hsp20-like 31 chaperone. Despite significantly different transcript abundances across 32 treatments, two ammonia monooxygenase subunits (amoAB), a nitrite 33 reductase (nirK), and both ammonium transporter genes were always 34 among the most abundant transcripts, regardless of growth state. Ca. N. 35 brevis str. U25 cells expressed a urea transporter 139-fold more than the 36 urease catalytic subunit ureC. Gene co-expression networks derived from 37 culture transcriptomes and ten thaumarchaea-enriched metatranscriptomes 38 2 revealed a high degree of correlated gene expression across disparate 39 environmental conditions and identified a module of genes, including 40 amoABC and nirK, that we hypothesize to represent the core ammonia 41 oxidation machinery. 42 43 Originality-Significance Statement: 44 Discovering gene function in fastidious or uncultivated lineages remains 45 one of the biggest challenges in environmental microbiology. Here, we use 46 an approach that combines controlled laboratory experiments with in situ 47 transcript abundance data from the environment to identify genes that 48 share similar transcription patterns in marine ammonia-oxidizing 49 thaumarchaea. These findings demonstrate how transcriptomes from 50 microbial cultures can be used together with complex environmental 51 samples to identify suites of co-expressed genes that are otherwise 52 enigmatic and provide new insights into the mechanism of ammonia 53 oxidation. Our results add to the growing body of literature showing that 54 relatively small changes in transcript abundance are linked to large 55 changes in growth in organisms with reduced genomes, suggesting they 56 have limited capacity for metabolic regulation or that they rely on 57 mechanisms other than transcriptional regulation to deal with a fluctuating 58 environment. 59 60
). This genome is nearly identical to the Ca. N. brevis CN25 127 genome with regards to i) gene content; ii) genome organization 128 (Supplementary Figure 1b) ; and iii) genome wide average nucleotide 129 identity (99.99%; Supplementary Figure 2 ). We found 19 additional genes 130 at four distinct genomic loci in this strain, relative to CN25 (Supplementary 131 Table 1 ). The largest of these insertions (15 contiguous genes) includes 11 132 genes coding urea utilization machinery, including ureABCDEFG, which 133 codes for urease and its chaperones, two urea sodium:solute symporter 134 family (SSSF) transporters, a transcriptional regulator and several 135 hypothetical proteins (Fig. 1a ). We designate this urea-utilizing 136 thaumarchaeon 'Candidatus Nitrosopelagicus brevis' strain U25. 137 138 We sequenced a transcriptome from Ca. N. brevis str. U25 growing 139 exponentially with urea as the growth substrate. Only one transcript from 140 the chromosomal insertion containing the urea transport and metabolism 141 genes ( Fig. 1a ) was among the top 50 transcripts detected: A7X95_00990, 142 coding for a putative urea SSSF transporter (ranked 13.7 ± 0.33; mean ± 143 SE, n = 3). Surprisingly, transcripts coding for catalytic urease components, 144 or the second putative urea SSSF transporter (A7X95_00985) located 145 immediately adjacent to A7X95_00990, were not nearly as abundant as 146 A7X95_00990. For example, the mean expression levels of ureC, coding 147 for the fused catalytic αβ-subunit of urease, and ureA (γ urease subunit) 148 were 139 and 784-fold less abundant than that of A7X95_00990, 149 respectively (ranked 390 ± 19.7 and 950 ± 50.8, respectively; mean ± SD, 150 n=3). A7X95_00985, coding for the second urea SSSF transporter, was 151 also expressed at a low level, comparable to ureA, ranked 940 ± 92.0. 152 During growth on urea, transcripts for genes coding for an ammonium 153 transporter (AMT1), ammonia monooxygenase subunits (amoAB) and 154 nitrite reductase (nirK) were within the top ten most abundant transcripts 155 detected in strain U25. 156 157 Although urea utilization genes have been detected in wild thaumarchaeal 158 populations, we have a poor understanding of how the abundances of 159 urease transcripts relate to growth and activity. To contextualize the 160 expression patterns observed in U25, we compared the relative rank of the 161 transcript abundances for only those genes coding for urea uptake and 162 catabolism ( Fig. 1a ) under laboratory growth conditions to the relative rank 163 of the transcript abundances of the same genes from several deeply 164 sequenced marine metatranscriptomes. The SSSF urea transporter 165 (A7X95_00990) was the most abundant urea-related gene transcript in 166 38% of the environmental datasets (n = 8) we investigated (Fig. 1b ). In 167 contrast to culture conditions, where the SSSF urea transporter was the 168 most abundant urea-related gene transcript, ureC was the most abundant 169 transcript in 25% of the environmental datasets (Fig. 1b ). This shows that 170 variability in the relative transcriptional activity of urea transport and 171 catabolism genes is not unusual. Our finding that ureC was not highly 172 expressed in exponentially growing cells also helps to explain previous field 173 observations of low ureC expression, and suggests the abundance of ureC 174 transcripts may be a poor molecular biomarker of active urea-based 175 nitrification. For example, ureC expression and urea-based nitrification 176 were found to be only weakly correlated across several environments 177 (Tolar, Wallsgrove, et al., 2016) , in contrast to high correlation between 178 amoA expression and ammonia oxidation rates (J. M. Smith et al., 2014) . 179 Similarly, in Arctic samples collected across seasons, ureC genes were 180 detected, yet ureC transcripts were only sporadically detected and at low 181 abundances (Pedneault et al., 2014) . Supplementary Table 2 ). 195 The downregulation of amoA, amoB and nirK in ammonia-limiting 196 conditions was recently shown for the ammonia-oxidizing thaumarchaeon 197 Nitrosopumilus maritimus using DNA microarrays (Qin et al., 2017), 198 suggesting that one adaptation of ammonia-oxidizing archaea to ammonia 199 limitation is to reduce the relative expression of energy generation 200 machinery. 201 202 Only two genes, T478_1481, coding an Hsp20/α-crystallin domain small 203 heat shock protein, and T478_1394, annotated as a hypothetical protein, 204 were significantly more abundant (~10-fold) in ammonia-limited stationary 205 phase ( Fig. 2 , Supplementary Table 2 ). Hsp20 is a molecular chaperone 206 that enhances thermotolerance and binds to unfolded proteins to prevent 207 aggregation (Li et al., 2011) . The higher proportion of Hsp20 transcripts 208 and concomitant decrease in proportion of transcripts coding enzymes 209 integral to energy production suggests that one adaptation Ca. N. brevis 210 employs in ammonia-limited stationary phase may be to protect existing 211 proteins from degradation. Nutrient stress has been shown to induce the 212 expression of molecular chaperone proteins in ammonia-oxidizing archaea, 213 ammonia-oxidizing bacteria, and oligotrophic marine heterotrophs. For 214 example, in N. maritimus, two copies of Hsp20 were differentially 215 expressed during copper stress and recovery, but not during ammonia 216 starvation (Qin et al., 2017) . Similar to our findings regarding Hsp20, 217 Nitrosomonas europaea expressed peptides for the molecular chaperone 218 GroEL in both energy starved and energy replete conditions, but at 219 significantly greater levels under energy starvation (Pellitteri-Hahn et al., 220 2011) . The authors speculated that energy stress may induce chaperone 221 expression as part of a generalized stress response, and that these 222 chaperones are involved in protein protection (Pellitteri-Hahn et al., 2011). 223 Similarly, the marine chemoorganoheterotroph 'Candidatus Pelagibacter , 2016) . These finding suggest that one role of molecular chaperones during nutrient stress may be to protect key enzymes from proteolytic 229 turnover when cells scavenge peptides to support nutrient-limited 230 sustenance. 231 232 In contrast to the finding that only two genes were more abundant in (Giovannoni et al., 2014; Cottrell and Kirchman, 252 2016; Giovannoni, 2017; Satinsky et al., 2017) . 253 254 Despite significantly different transcript abundances of essential ammonia 255 oxidation and transport genes across growth conditions, the rank order of 256 these transcripts within a given treatment were similar, irrespective of 257 growth condition. In particular, the most abundant gene transcripts in 258 exponential phase were generally still the most abundant transcripts in 259 ammonium-limited stationary phase ( Fig. 2b ). For example, transcripts for 260 32 genes (64%) were in the top 50 most abundant transcripts in both 261 exponential and stationary phase ( Fig. 2b) . Interestingly, the abundances of 262 18 of these transcripts were also significantly different across treatments 263 ( Fig. 2b) , illustrating that although transcripts can be differentially abundant 264 across paired treatments, the changes in their relative cellular abundance 265 may be subtler. Several of these consistently abundant but differentially 266 expressed transcripts are common molecular markers predicted to be 267 essential for ammonia oxidation and transport, including the ammonium 268 transporters AMT1 and AMT2, ammonia monooxygenase subunits 269 (amoAB) and nitrite reductase (nirK). This suggests that the proportional 270 changes we observed in highly-expressed genes may be the result of 271 abundance changes in other genes that make up a smaller proportion of 272 the transcriptome, such as Hsp20, and that even though we observe 273 significant differences across treatments, the underlying transcript 274 abundances might be similar.
276
The ammonia monooxygenase C subunit (AmoC) has been implicated in 277 stress response (Berube and Stahl, 2012) and recovery from ammonia 278 starvation in N. europaea (Berube et al., 2007) . The participation of AmoC 279 in ammonium starvation appears to be conserved in thaumarchaeal 280 ammonia oxidizers, where amoC transcript levels remained high in 281 ammonia-limited stationary phase (Qin et al., 2017) . Consistent with these 282 findings, amoC was abundant in both exponential and N-limited stationary 283 phase in CN25 (the 13 th and 7 th most abundant transcript, respectively), 284 and we did not observe a significant difference in the abundance of amoC Supplementary Table 3 ). Network modularity is a 304 9 measure of the group connectivity within a network, where connections 305 contained within a module are denser than connections between modules. 306 Modularity values range from -0.5 to 1, where 1 describes a highly modular 307 system. The modularity of this positive correlation network was 0.71, 308 indicating a high degree of modularity. Genes with positively correlated 309 expression organized into 38 groups (modules), ranging in membership 310 size from 2 to 236 genes (mean module size = 38.0 genes). Supplementary Table 3 ). For example, a multicopper oxidase present in the 334 genomes of both N. brevis (T478_0261) and N. maritimus (Nmar_1663) 335 previously implicated to be involved in the oxidation of hydroxylamine to 336 nitrite (Walker et al., 2010; Qin et al., 2017) was not present in the AMO 337 module ( Supplementary Table 3 ).
339
On average, the AMO module is expressed at a higher level than other 340 modules, and was more abundant in conditions where ammonia oxidation 341 rates and thaumarchaeal abundances would be predicted to be high ( Supplementary Table 3) . Similarly, vitamin B12-production genes are spread 415 across eight modules (module numbers 1, 3, 4, 10, 12, 18, 21, and 26; Fig. 416 3 and Supplementary Table 3 ). The structure of the transcription co-417 expression network illustrated in Fig. 3 is consistent with the interpretation 418 that thaumarchaeal population-level regulatory organization is structured in 419 a decentralized manner. One explanation for this organization may be that were prepared, three of which were harvested in late exponential phase 534 (Exponential phase) and three of which were harvested in late NH4Cl-535 limited stationary phase (Stationary phase) ( Supplementary Fig. 4 ). We Supplementary Fig. 5 ).
544
Transcriptomes that were included in the network analysis were obtained 545 from distinct, mid-exponential phase Ca. N. brevis strains CN25 and U25, 546 that were growing on ONP medium amended with either 100 μM NH4Cl 547 (str. CN25; n=3) or 100 μM urea (str. U25; n=3) as growth substrates, 548 respectively ( Supplementary Fig. 6 ). Cells were harvested by filtration on to 549 25 mm diameter, 0.22 μm pore-size Supor-200 filters and frozen at -80°C. 550 For RNA extraction, cells were disrupted as described in (Santoro et al., Supplementary Fig. 7 ).
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